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Structural effects on polyether cationization in matrix-assisted laser desorption/ionization
(MALDI) are investigated using three different polyethers: PEG (polyethylene glycol), PPG
(polypropylene glycol), and PTHF (polytetrahydrofuran). This study was performed using
equimolar cesium and lithium chlorides as the cationizing agent. It was observed that the
polyether structure variation led to a substantial change in polyether selectivity for alkali metal
ion complexation. Moreover, it was found that like PEG, PPG displays a different selectivity
for Cs1 and Li1 with different matrices. Discussion of these results and their implication in
MALDI are given. (J Am Soc Mass Spectrom 2000, 11, 639–643) © 2000 American Society
for Mass Spectrometry
Matrix-assisted laser desorption/ionizationtime-of-flight (MALDI-TOF) mass spectro-metry is a powerful method for the character-
ization of high-mass molecules [1, 2]. One of its appli-
cations is the characterization of synthetic polymers.
Information could be obtained on both the molecular
weight distributions and the identity of end groups,
each of which is important to polymer chemists [3–22].
Polymer ionization is essential to the success of obtain-
ing accurate and reliable MWDs from MALDI measure-
ments. Unlike biomolecules that are often ionized
through protonation, polymers are typically ionized
through formation of ion complexes with metal ions.
Alkali metal salts are effective in cationizing polar
polymers, whereas transition metal salts are the choice
for nonpolar polymers.
Cationization of polar polymers has been the subject
of several previous studies. It has been found that polar
polymers such as PMMAs have different affinities for
different alkali metal cations. These different affinities
could cause a shift in molecular weight distributions
obtained from MALDI mass spectrometry [23–25]. Der-
rick and co-workers reported the effect of counterions
in MALDI-TOF analysis of PMMA [26]. That work
showed that polymer ion yields decreased when chang-
ing the halide ions from I2 to Br2 to Cl2 and that the
effects of changing the alkali metal cation were greater
when the halide ion was chloride than when the halide
ion was iodide. Our group has examined PEG cation-
ization using a mixture of CsCl and LiCl as the cation-
izing agents. It was observed that selectivities of PEG
for alkali metal ion complexation depended strongly on
the matrix used [27]. These results suggest that cation-
ization of PEG is more likely to occur in the gas phase
instead of the condensed phase. In addition, Bowers
and co-workers have investigated gas-phase conforma-
tions of alkali ion cationized polyethers using a novel
ion chromatography technique and their work pro-
vided insights into the bonding of polyethers to alkali
ions in gas-phase complexes [28–30].
As part of our systematic study of polymer ioniza-
tion in MALDI, this study focuses on structural effects
on polyether cationization by alkali metal ions. Three
different polyethers were examined and they were
polyethylene glycol (PEG), polypropylene glycol (PPG),
and polytetrahydrofuran (PTHF), respectively. It was
found that polyether structure variation led to a sub-
stantial change in polyether selectivity for alkali metal
ion complexation. Reporting this result and its implica-
tion in MALDI constitute the main focus of this paper.
Experimental
The experiments were performed using a linear
MALDI-TOF instrument (Dynamo, Thermo Bioanaly-
sis, Santa Fe, NM). A pulsed nitrogen laser producing a
wavelength of 337 nm was used for MALDI and the
TOF instrument was operated on the time-lag-focusing
mode. The ions were extracted from the source with a
120 kV acceleration potential and detected by a multi-
ple channel plate. A Grams/32 (Galactic, Salem, NH)
program was used to analyze the recorded data.
The PEG sample (PEG 1450) was purchased from
Sigma Chemicals (St. Louis, MO). PPG sample (PPG
1200) was obtained from American Polymer Standard
(Mentor, OH). All other compounds used including
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PTHF 1400 were obtained from Aldrich Chemicals (Milwaukee, WI) and were used without further purification. The








The bulk solutions of polymer, matrix, and metal salts
were prepared separately by dissolving each of them in
methanol. Thereafter, these solutions were mixed to-
gether and 0.5 mL of this mixture solution was placed
on a metal sample plate and air dried before analysis.
Unless specified, the final concentrations of polyethers
and matrix in the sample solution were 1.0 and 10 g/L,
respectively. In all samples, equimolar Cs1 and Li1
(0.01 M) were used.
Results and Discussion
Cs1 and Li1 were selected for this study on the basis of
two considerations: First, the size difference of these
two alkali metal ions is largest and therefore a larger
size effect on MALDI is expected. Second, we have
observed that the salts of Na and K were already
present in the polymer samples. This was evident that
the sodium and potassium cationized polyether peaks
were always present in the resulting spectra when
MALDI was performed without the addition of any
cationized agents. Obviously, their presence rendered it
difficult to accurately determine the concentration of
these ions in the MALDI samples.
Figures 1 to 3 display the result using IAA (trans-3-
indoleacrylic acid) as the matrix. Figure 1 was gener-
ated using a mixture sample of PEG 1450 with IAA,
CsCl, and LiCl, Figure 2 was obtained using a mixture
of PPG 1200, IAA, CsCl, and LiCl, and Figure 3 was
generated using a mixture sample containing PTHF
1400, IAA, CsCl, and LiCl, respectively. The laser flu-
ence (slightly above the ionization/desorption thresh-
old) was kept constant during each spectrum acquisi-
tion. All spectra were averages of more than 50 shots
from a number of desorption spots and this procedure
minimized the effect of the ion signal changes from spot
to spot. In all figures shown in this paper, the minor
peaks between the major peaks were due mainly to Na1
or K1 cationized polyethers.
Because the weights of Cs1 and Li1 are about 133
and 7 Da, respectively, the cesiated and lithiated peaks
labeled in Figures 1 to 3 are actually produced from the
same oligomer. It was seen from Figure 1 that cesiated
PEG ion intensities were much stronger than those of
corresponding lithiated PEG ions when the equimolar
concentrations of Cs1 and Li1 were present in the
mixture solution. In the case of PPG 1200, the intensities
of lithiated PPG ion peaks became comparable to those
of cesiated PPG ions, shown in Figure 2. In contrast,
lithiated polyether complexes became overwhelmingly
dominant in the case of PTHF 1400. Clearly, this exper-
iment shows that the efficiency of cationizing poly-
ethers by a given alkali ion depends strongly on the
type of polyethers. In other words, selectivity of poly-
ethers for Cs1 decreased and increased for Li1 by
following the order of PEG . PPG . PTHF. The matrix
DHB (2,5-dihydroxybenzoic acid) was also studied and
similar results were observed (data were not shown here).
In our previous work [27], we found that PEG
displayed a very different selectivity for Cs1 and Li1 if
HABA [2-(4-hydroxyphenylazo) benzoic acid] was used
as the matrix, as compared with that when IAA, or DHB
were used. In other words, cesiated PEG ion intensities
were much weaker than those of corresponding lithi-
ated PEG ions with HABA. In this work, we also
examined the selectivity of PPG and PTHF for Cs1 and
Li1 with HABA as the matrix. Figures 4 and 5 display
the results. In general, it was seen that the selectivity of
polyethers for Li1 follows the order of PTHF . PPG .
PEG. This pattern was similar to that observed with
IAA and DHB as the matrices. However, it was also
seen that like PEG, PPG has a stronger selectivity for
Li1 than for Cs1 with HABA as the matrix. Obviously,
Figure 1. MALDI-TOF mass spectrum obtained using a MALDI
sample containing PEG 1450, equimolar CsCl/LiCl, and matrix
IAA.
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this is different from that observed when IAA or DHB
were used as the matrix.
First, let us discuss the cationization mechanism of
polyethers in MALDI. In general, polymer cationization
can proceed through either preformation of ions in the
condensed phase, followed by liberating them into the
gas phase upon laser desorption or gas-phase ion–
molecule reactions initiated by laser desorption. Both
Cook’s and Hercule’s groups have studied selectivity of
PEG or PPG for alkali metal cations using electrohydro-
dynamic ionization and laser desorption mass spectro-
metry, respectively [31, 32]. In Cook and co-workers’
study [31], bulk selectivity of PEG for alkali cations was
found to follow the order K1 . Cs1 . Rb1 . Na1 .
Li1 (1:0.94:0.79:0.46:0.08). In Hercules and co-workers’
work [32], the order for PPG was Na1 . K1 . Li1 ;
Cs1. The explanation of cation selectivity proposed by
both groups was based on solution conformation and
typical cavity size. It was observed that the orders of
selectivity of PEG for Li1 and Cs1 is similar to those
observed by Cook’s and Hercule’s groups, if DHB and
IAA were used as matrices, but the opposite result was
obtained when HABA used as the matrix. This differ-
ence suggests that cationization of polyethers in
MALDI may proceed through a different mechanism. In
other words, cationization of polyethers in MALDI may
occur in the gas phase rather than in the condensed
phase. In fact, many experimental evidences have also
indicated that polyethers are more likely to be ionized
in the gas phase rather than in the condensed phase [26,
27].
Now we discuss the question of why the polyether
structure is so important to the selectivity of a polyether
for alkali metal complexation for a given matrix. Bow-
ers and co-workers have investigated the conformations
of alkali ion cationized PEG in the gas phase and they
found that the Li1 cationized PEG structures have the
similar mobilities as corresponding Cs1 cationized oli-
gomers if the number of repeat units is larger than 20.
This fact implies that for a given oligomer, the cavity of
both Cs1 and Li1 cationized oligomers is the same. The
main difference of PPG from PEG is that PPG has one
methyl group rather than H binding to one of the
carbon atoms. Because the oxygen atom is the bonding
site to the metal ion, this methyl group could produce
two adverse effects. First, it may block access of a larger
metal ion such as Cs1 to the oxygen bonding sites,
thereby impeding the formation of Cs1 cationized PPG
complexes. Second, this methyl group may occupy part
of the cavity space formed by the PPG chain. Conse-
quently, the cavity becomes too crowded for larger ions
and Cs1 which fits nicely to the cavity formed by PEG,
may not fit well to the cavity formed by PPG. As a
result, the cesiated PPG ion is less stable than the
corresponding cesiated PEG ion.
Two factors could contribute to the fact that more
Figure 2. MALDI-TOF mass spectrum obtained using a MALDI
sample containing PPG 1200, equimolar CsCl/LiCl, and matrix
IAA.
Figure 3. MALDI-TOF mass spectrum obtained using a MALDI
sample containing PTHF 1400, equimolar CsCl/LiCl, and matrix
IAA.
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lithiated than Cs1 cationized PTHF 1400 ions were
formed under the conditions used. The first factor is the
rigidity of the polyether chain. In a study of cation
attachment to PET (polyethylene terephthalate), Scriv-
ens and co-workers found a significant mass shift to
higher molecular weight in descending the alkali metal
series. They suggested that a PET oligomer is more rigid
than a PMMA or PEG oligomer of similar weight in the
gas phase as a consequence of the phenyl rings in PET
[33]. Compared with PEG and PPG in which there is
one oxygen atom for every two-carbon atoms in one
repeat unit of the polymer backbone chain, PTHF 1400
has one oxygen atom for every four carbon atoms. As a
result, PTHF 1400 may have a more flexible structure
and when it wraps around a metal cation, it can form
either small or large cavities to trap metal ions, depend-
ing on the size of the metal cation trapped. In other
words, when smaller Li1 is trapped, a smaller cage is
formed thereby leading to short bonding distances and
stronger bonds between Li1 and oxygens. In contrast,
when larger Cs1 is trapped, a larger cage would be
formed therefore leading to longer bonding distances
and weaker bonds. Therefore, Li1 cationized PTHF
1400 may be more stable than corresponding Cs1
cationized PTHF 1400.
The oxygen density in polyethers is another factor to
consider. In PTHF 1400, the ratio of oxygen to carbon is
1:4 in each repeat unit, whereas it is 1:2 and 1:3 in the
PEG and PPG repeat unit, respectively. Clearly, the
oxygen density follows the order of PEG . PPG .
PTHF. As a result, the number of available oxygen
bonding sites in PTHF 1400 may be less than that
available in PEG and PPG. For Cs1, its bonding energy
to a single oxygen atom is substantially weaker than
that of Li1 to a single oxygen atom [34]. Therefore, a
more stable lithiated polyether ion can be formed with
a few oxygen atoms, while more oxygen bonding sites
are needed to form a stable cesiated polyether.
In this work, we also show that like PEG, selectivity
of PPG for Cs1 and Li1 changes with the matrix used.
This result cannot be explained using a simple ion–
molecule reaction mechanism because matrix certainly
plays a major role in cationization. Currently, we are
working on a project to develop a better model to
elucidate the role the matrix plays in selectivity of polar
polymers to alkali metal ions.
Finally, we discuss the implication of this result. One
of the major applications of the MALDI-TOF method is
to determine the polymer components such as end
groups. The polymer samples often contain large
amounts of different types of metal ions. As a result, a
single oligomer may result in multiple peaks and this
renders it difficult to unambiguously determine the
nature of end groups because the multiple peaks could
be incorrectly interpreted as the presence of several
different types of end groups. Therefore, the production
Figure 4. MALDI-TOF mass spectrum obtained using a MALDI
sample containing PPG 1200, equimolar CsCl/LiCl, and matrix
HABA.
Figure 5. MALDI-TOF mass spectrum obtained using a MALDI
sample containing PTHF 1400, equimolar CsCl/LiCl, and matrix
HABA.
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of a single ion complex for each individual oligomer is
highly desired. We suggest that in this case, all five
different alkali metals (Li, Na, K, Rb, and Cs) should be
examined to determine to which metal the polymer
would most favorably bond. Because selectivity of a
polymer for alkali metal ion complexation depends on
the type of alkali metals, the use of this metal to
cationize the polymer should suppress the formation of
other metal ion complexes and therefore lead to the
formation of a single ion complex for each oligomer.
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